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SUMMARY

The purpose of this program was to study the aerodynamic
and aeroelastic behavior of a rigid two-bladed rotor system operating at
steady-state advance ratios up to approximately 15, Also to be investi-
gated was the operation of this rotor during periods of acceleration and
deceleration which were representative of the starting/stopping sequence
of a stowable rotor, The objective of the program was accomplished by
conducting wind tunnel tests in the NASA-Ames 40- x 80-Foot Wind
Tunnel on a full-scale rotor. Hub forces and moments, blade pressure
distributions (chordwise and spanwise), and blade flatwise, chordwise
and torsional moments were measured. The experimental results were
used to correlate with existing theory,

It was found that for steady-state operation of the rotor at
very high advance ratios, autorotation was encountered with an increase
of collective or shaft angle above a given value., The mean values of the
shaft loads and moments were found to be relatively insensitive to varia-
tion in blade collective or shaft angle; however, the oscillatory loads and
moments were affected considerably. It was found that the shaft angle
and the sine component of the blade cyclic angle are interchangeable at
very high advance ratio operation,

The start/stop tests indicated no unusual aerodynamic or
structurai response phenomenon for the rotor tested.
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FOREWORD

This report presents the results of the research program
entitled "The Aerodynamic and Aeroelastic Characteristics of a Full-
Scale Rotor Operating at Very High Advance Ratios and During Start and
Stop Operation', It describes the objectives of the program and presents
the data analysis and discussion of the results and correlation of the
experimental and theoretical data,

The research program was conducted Ly the Cornell Aero-
nautical Laboratory, Inc., (CAL) under U, S, Army Aviation Materiel
Laboratories (USAAVLABS) Contract DAAJ02-68-C-0017 and was carried
out under the technical cognizance of Mr, William E, Nettles of
USAAVLABS. The authority for the work was DA Task 1F162204A13902.

The research program began in February 1968 and was com-
pleted in May 1970. Personnel associated with the program included
Andrew R, Trenka, Frank A, DuWaldt, Raymond A, Piziali and
Eugene Skelly of CAL, Mr., James Biggers of NASA-Ames research
staff contributed to this program during the formulation and conduct of
the test in the NASA-Ames full-scale wind tunnel. The experimental
program was materially advanced as a result of the cooperation of Bell
Helicopter Company personnel, particularly Mr. James VanWyckhouse,
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INTRODUCTION

The ever-present demand for increased speed capability of
VTOL-type aircraft has been a prime mover in advancing the state of
the art of VTOL technology. The most recent advances have been made
with compound-type helicopters in which the lifting and propulsive role
of the rotor is augmented by other lifting and propulsive devices. In
these aircraft, the rotor is slowed and unloaded as the auxiliary lifting
and propulsive units take on the principal lift and propulsion functions,
It is reasonable to anticipate that, in the foreseeable future, the quest
for higher and more efficient cruise speeds will lead to the design of a
compound aircraft which will be capable of stopping its rotor (perhaps
stowing it) and operziing as a conventional fixed-wing aircraft. The
operating conditions experienced by such a rotor would necessarily be
very unusual, The rotor would be operating in regimes in which there
is very little known about the aerodynamic behavior of the rotor blades.
Hence, the aeroelastic response of su-h a rotor is, likewise, unknown
at this time,

The purpose of this program was to study the aerodynanuc
and aeroelastic behavior of such a rotor system operating at steady-
state advance ratios up to approximately 15. Also investigated during
this study was the operation of such a rotor during periods of accelera-
tion and deceleration which would be representative of the starting and
stopping sequence, The objective of the program was accomplished by
conducting wind -tunnel tests in the NASA-Ames 40-Foot by 80-Foot Wind
Tunnel on a full-sized rotor. Hub forces and moments, blade pressure
distributions (chordwise and spanwise), and blade flatwise, chordwise
and torsional moments were measured. The experimental results were
also used to correlate with theoretical resuits obtained from throries
previously developed by Cornell Aeronautical Laboratory, Inc, (CAL)
under U, S. Army sponsorship.

This report contains a complete description of the test
apparatus, calibration and testing techniques; detailed analyses of
selected experimental results; discussion of the correlation hetween
theoretically predicted values and experimentally obtained values; and,
finally, the major conclusions of the program,



DESCRIPTION OF TEST SYSTEM

Presented in Figure | is a photograph of the test rotor
mounted in the NASA-Ames 40-Foot by 80-Foot Wind Tunnel. Figure 2
is a graphical description of that model system, The rotor test module
included a mounting frame, a rotor pylon, a drive system and an aero-
dynamic fairing. The module was designed so that it could be mounted
on the primary support system in the NASA-Ames 40-Foot by 80-Foot
Wind Tunnel. The module was supported in the tunnel by two fixed struts
and a gimbal-mounted tail strut, These were attached to ti.e test module
through ball and socket joints, The tail strut was extended or retracted
by an electrically driven jack screw to provide the desired rotor shaft
angle of attack, A detailed description of the NASA-Ames Wind Tunnel
is given in Reference 1.

The test module frame supported the pylon, the speed
increaser gearbox, and the drive motor as shown in Figure 2. The pylon
installation consisted of a UH-1B transmission and mast assembly and
modified rotor controls., The mounting arrangements and suspension con-
figuration were the same as those of the corresponding helicopter instal-
lation, Except for the control input linkages, the basic control geometry
was the same as that of the helicopter installation (see Figure 3), The
rotor drive systemn. consisted of a UH-1B transmission, a speed increaser
gearbox, and an elec‘ric drive motor. The drive motor was provided by
NASA-Ames and was rated for 1, 500 horsepower at 3,000 rpm, To pro-
vide the proper power and speed match between the drive motor and
helicopter transmission, a 1.085 to |1 ratio gear set was introduced
between the electric drive motor and the transmission. The transmission
provided a 1 to 0.049]1 speed reduction to the shaft of the rotor, A brake
assembly was mounted to the transmission. This brake assembly was
used during the start/stop and stopped tests. The test rotor was a rigid
configuration of the normally semirigid two-bladed UH-1A underslung
hub, The rotor blades used in this program were the same ones used in
the programs reported in References 2 and 3.

A split cone installed around the rotor shaft against the rotor
flapping stops was employed to provide a positive lockout of blade {lapping.
The basic data for the rotor blades is summarized below:

Airfoil designation NACA 0015
Chord l.26 feet
Diameter 43,75 feet
Geometric twist -11.9 degrees
Disk area 1, 503 square feet
Solidity 0.0369

One of the rotor blades was termed the reference blade and
was extensively instrumented with pressure measuring devices and strain
(moment) measuring devices, The second blade was instrumented for



strains (moments) only at two stations. Figure 4 illustrates the blade
planform and indicates the location on the reference blade of the strain
gages used to measure the blade moments and differential pressures.
The blade moments measured were: blade flapwise bending moments,
blade edgewise bending moments, and blade torsional moments. Table
I presents the pressure transducer locations as well as the range of
differential pressure for each pressure transducer. For further dis-
cussion and description of the test module and blades, see Appendix I,

Figure 5 is a schematic of the mast and yoke indicating the
location of the moment gages. Yoke flatwise and chordwise bending
moments were measured, Mast bending monrents were measured at
two positions on the mast, One, at 16. 35 inches below the yoke assem-
bly, was referred to as the upper mast station. The second position,
at 46.75 inches below the yoke assembly, was referred to as the lower
mast station, Two components of the mast bending were measured at
each station, The component of the mast bending moment which pro-
duced motion parallel to the span of the rotor blades was referred to as
the parallel mast bending moment, The mast bending moment which
produced motion of the mast perpendicular to the span of the blades was
referred to as the perpendicular mast bending moment, The location of
the mast torque gage was 24, 63 inches below the yoke assembly,

Presented in Figure 6 is a pictorial drawing indicating the
sign convention for the measured loads, moments and pressures, Note
also the table of additional measured loads not shown in the pictorials,

A slipring assembly mounted at the top and coincident with
the centerline of the shaft transferrec the blade signals from the
rotating frame to the fixed frame. From this point the signals were
fed into the conditioning, amplifying and recording equipment. Figure 7
is a block diagram describing the electrical recording system. Shown
are the blade signals and pod signals passing through the slipring
assembly and into the signal conditioning equipment, Note that a portion
of the pod signals indicated by the dashed box B pass directly to the
signal conditioning equipment since they were already in the fixed frame,
Note also that some of the pod signals were also displayed directly on the
control module which controlled the test rig. All of the signals coming
into the signal conditioning equipment were passed on to the recording
devices which were remotely actuated by the master control panel, The
primary recording devices consisted of two 50-channel oscillographs.
One oscillograph recorded all of the blade and mast strain (moment and
load) signals. The second oscillograph recorded all the pressure
signals, To provide for on-line monitoring of critical signals, a vis-
corder, three oscilloscopes and an automatic counter were employed.
The viscorder displayed all of the mast and control signals as well as
four of the critical blade signals, The oscilloscopes displayed the two



mast parallel bending moments (upper and lower) and the yoke flatwise
bending moment. The maximum allowable oscillatory peak-to-peak
values of each of these parameters were marked distinctly on the face
of the oscilloscopes. These oscilloscopes were continuously monitored
for overload conditions, An automatic counter was incorporated which
was triggered by the yoke bending moment whenever a value of 30,000
inch-pounds was exceeded, Thus, a continuous count of the number of
cycles above a maximum allowable was kept, For further description
of the data recording equipment, see Appendix II,



DESCRIPTION OF CALIBRATION AND
DATA REDUCTION PROCEDURES

Extensive calibrations were conducted on all of the data
gathering instrumentation as well as the data recording equipment.
The pressure transducers, as well as the blade strair gages, were
calibrated several times using different incremental loads, The purpose
of these tests was not only to determine the calibration constants asso-
ciated with the pressure transducers and the moment gages but also to
determine the maximum sensitivity which could be obtained, Also
obtained was an evaluation of the associated errors and repeatability
involved in the measurements, The calibration of the pressure trans-
ducers consisted of the application of known static pressures applied to
each transducer, Calibration of the moment gages was accomplished by
applying known loads at prespecified positions along the span of the
blade,

Tests of the data recording equipment were also conducted,
These tests provided information relative to the behavior of the linearity,
zero shift, repeatability and dynamic response characteristics of the
system, Certain of these calibrations were repeated just prior to tunnel
entry. They were also repeated at intervals through the test period as
well as at the conclusion of the test period, The results from all these
calibrations were used to determine the overall accuracy of the measure-
ments made, For a more complete description of the calibrations which
were conducted, as well as the calibration results, see Appendix III.

As a result of these calibrations, the errors estimated for
each of the parameters measured and presented in this report are listed
below:

Flatwise bending moment + 20 foot-pounds
Edgewise bending moment + 40 foot-pounds
Torsional moment + 10 foot-pounds
Mast bending moment + 50 foot-pounds
Shaft torque + 20 foot-pounds
Axial loads + 20 pounds

6; (Root collective angle) + 0.10 degree
8,. and 6, (Cosine and sine cyclic angle) + 0.10 degree
as (Shaft angle) + 0.02 degree
0 (Rotor speed) +  0.05 rpm
Differential pressure t+  0.053 psi



The experimental data generated during the test phase of this
program were collected in analog form on the two oscillographs. These
analog signals were transcribed into a digital format, and the digitized
data were operated on by a digital program, which converted the data to
loads, moments and pressures at each of the digitized points, These
loads, moments and pressures were harmonically analyzed, FEach analog
signal was read at 20 equally spaced intervals over one revolution of the
rotor, It was thus possible to obtain for each analog signal the steady
component plus the sine and cosine components of the first nine
harmonics,

For a given test point the entire data record taken was sur-
veyed for such features as repeatability from one rotor revolution to the
next, unusually large loads in some particular signal, or any other
anomalous behavior of the traces. A single, typical rotor revolution
interval was then selected and each of the signal traces read,



PHILOSOPHY OF THE TEST PROCEDURE AND
PRESENTATION OF THE DATA

As noted previously, it was the objective of this program to
investigate the aerodynamic and aeroelastic behavior of a rotor operating
at very high advance ratios in starting and stopping conditions. The data
collected were to be used in the correlation of experiment and existing
theory as well as to contribute to the building up of a body of accurate
experimental data to aid in the design of stowable rotors, These tests
were also to provide a preview of problems which might be encountered
by a rotor operating in a start/stop configuration, It was desired to col-
lect a sufficient amount of data to aid in delineating the load and moment
distributions and their trends as parameters were varied over the
flight regimes in which stoppable/stowable rotors were likely to operate.
The range of test parameters was chosen so as to be compatible with
the available tunnel testing time, the financial restraints on the program,
and finally, and perhaps most important, the concern for the fatigue life
of the blade, This latter consideration resulted in a test envelope which
was limited by the rotor speed. The rotor speed limitation was 70 rpm,
At this speed, it was estimated that the loss of one of the rotor blades
due to a fatigue failure would produce a rotating unbalance which would
not be large enough to damage irreparably the 40-Foot x 80-Foot Wind
Tunnel balance system. At higher rotational speeds, however, serious
damage to the wind tunnel balance might be sustained in the event of loss
of the blade. Furthermore, the reduced operating speed virtually elimi-
nated the possibility that any portion of a fractured blade would penetrate
the tunnel test section,

In addition to the rotor speed limitation, the following
operating limits were imposed on the oscillating loads:

Upper mast bending moment 3300 foot-pounds
7300 foot-pounds
4500 foot-pounds

7300 foot-pounds

Lower mast bending moment

Yoke flapwise moment

I+ 1+ I+ |+

Blade bending moment at
28% span

Operation at any one of these levels was not to exceed 100, 000 cycles.

Because of the unknown character of the rotor aerodynamic
behavior in these flight ranges and because of the inherent dangers due
to blade or component failure, the following mode of testing was followed.
The test procedure required the determination of the rotor trim conditions,
For the purposes of these tests,''rotor trim conditions'' were defined to
mean minimum shaft moments. These trim conditions were first estimated
from an analytical model developed under Contract DAAJ02-67-C-0096,



Using the estimated control conditions as a starting point, the actual
trim conditions during the test were determined., Variations in the rotor
control settings were then made from these trim conditions in a system-
atic fashion until one of the following limits was encountered:

1. Total stress limitations on critical components
were reached,

2. Rotor instabilities were encountered.

3. Oscillatory stresses that seriously degraded
the expected life limits on critical components
were encountered,

A priority for the test data to be collected was established.
Priority 1 data points consisted of steady-state operation of the rotor at
advance ratios (.« ) from 0. 25 to approximately 15. Since considerable
data have been collected tor rotor operation at advance ratios less than
0.45 in previous tests (see References 2, 5, 6 and 7), the major empha-
sis was placed upon collecting data at the high advance ratios, i.e,,
w greater than 0.5, The principal parameter variations at a given
advance ratio were blade collective, blade cyclic and combinations
thereof. Less emphasis was placed upon the variation of shaft angle
because it was felt that typical stowable rotor operation would be with
rotor shaft angle nominally at zero degrees, All Priority | points were
collected before the initiation of tests on Priority 2 data,

Priority 2 data consisted of data collected during starting
and stopping of the rotor. Initially, these start/stop sequences were
conducted from the trim condition of the rotor operating at its lowest
attainable rotor speed (i.e., about 5 rpm), Repeated tests were run
with increasing rotor speed until enough data had been obtained to indi-
cate that no serious difliculties would be encountered. Acceleration
tests were similarly conducted,

A typical start-up procedure is presented in detail below:

l. With the wind tunnel off, the rotor blades were
set with the reference blade at ¢y = 0 (downstream),
the shaft angle and the cyclic blade angle set at
zero degrees, and with the collective angle set to
give the rminimum shaft moments for the desired
steady-state rotor speed.,

2. The rotor blade brake was applied,

5. All of the electrical equipment was put in a stand-
by condition,

4, The wind tunnel was brought up to speed,



5. The recording equipment was actuated, power
was applied to the electric motor, and the blade
brake was released, Rotor speed was brought up as
rapidly as possible to the prescribed steady-state
value,

The stopping tests were similarly conducted, With the rotor
operating in a steady-state condition and the recording equipment on, the
power to the electric motor was removed and the brake applied. Tests
were conducted using different levels of applied brake pressure to deter-
mine if any significant changes in the rotor loading or response charac-
teristics could be observed with different rotor decelerations.

The rotor start/stop tests were also conducted for several
different values of shaft angles as well as collective and cyclic values,

Priority 3 tests consisted of collecting data on the stopped
rotor at several different azimuthal positions, These tests had the
lowest priority and the least data was collected,

Presented in Figure 8, on a plot of rotor tip speed vs, tunnel
velocity, are the indicated test points at which experimental data was
collected. Each test point represents numerous test configurations,
Presented in Table II are these test configurations in terms of their
nominal values of rotor speed, tunnel velocity, shaft angle, blade root
collective and cyclic values as well as values of the nominal tip advance
ratio, Also noted in the far left-hand column-.denoted case number--
is a sequence of numbers representing the run and point designation,
These numbers refer to the actual sequence in which the data were col-
lected during the test program. The data have been arranged in terms
of increasing tunnel velocity and increasing rotor speed. At each ad-
vance ratio, that is, combination of rotor speed and tunnel velocity, the
ranges of blade root collective, blade cyclic, and shaft angle are pre-

sented.

The starting/stopping test configurations which were investi-
gated are presented in Table llI. The format of Table III is nominally
the same as that of Table II,

The stopped-rotor configurations which were tested are pre-
sented in Table IV. The format is similar to that of Tables II and III
with the exception of the column denoted rotor speed. Inits place is
presented the angular position of the reference blade,



The scope of this program did not permit a detailed
analysis of all of the data. Reported herein are the results of all of the
start/stop tests, all of the stopped rotor tests, but only selected results
obtained with the rotor operating at constant speed.
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DISCUSSION OF RESULTS

The results will be discussed in three sections, The first
section will discuss the results obtained during steady-state operation of
the rotor at advance ratios from approximately 0,5 to 15. Included in
this discussion will be the results of the correlation of theory and experi-
ment. The second section will consist of data collected from the tests
during which the rotor was operating under starting and stopping condi-
tions. Presented in this section will be a discussion of the attempts to
correlate the data. Finally, the third section will consist of data
collected during the stopped-rotor tests--that is, with the rotor stopped
at various azimuthal positions,

DISCUSSION OF HIGH-ADVANCE-RATIO RESULTS

The discussions in this section will be concerned initially
with some typical experimental results and secondarily with the
results of the correlation effort conducted for this study. The data will
be presented in several different forms; namely, as (1) plots of the
mean values of various loads and moments and pressures vs. the blade
collective angles and shaft anjles for various combinations of the free-
stream velocity and rotor speed, and (2) for selected cases, the time
histories of the total values (mean plus oscillatory) of the various mea-
sured test parameters. Also presented here (and briefly discussed) is one
case for which the azimuthal variations of all of the data collected for one
rotor operating condition are plotted (see Figure 9),

The results obtained from the rotor operating in a steady-
state configuration are presented in Figure 9. The azimuthal variation of
the flatwise, edgewise, and torsional hending moments on the blade; the
moments measured on the mast and yoke; and the axial loads measured in
the drag brace, pitch links and boost tubes are shown. Also preserted
are the azimuthal variation of the various control settings and the differ-
ential pressures measured at the various span and chordwise stations,
The nominal advance ratio for the subject case is 0, 50,

The l-per-rev variation expected in the flatwise bending is
readily discernible in the figure. In particular, note the hig. er
frequency response experienced by the flatwise bending moment gages
outboard of the 45% span. This characteristic is also readily identifiable
in the differential pressure measurements made at the 85 percent and
outboard pressure transducer locations. Attention is drawn to this point
merely to illustrate that bending moment behavior was identifiable in the
differential pressure measurements.
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Presented in Figure 10 are plots of selected mean values of
the blade and mast moments measured for the rotor operating at approxi-
mately 141 ft/sec and at rotor speeds of approximately 71 rpm (this
corresponds to an advance ratio of 0.87). The results of the variation of
the root collective angle on the mean values of the blade and mast
moments are presented, The mean flatwise and edgewise bending
moment distributions are presented for each value of the blade collective
in Figure 10(a). The remaining quantities are presented as plots of the
mean value vs, the collective angle in Figure 10(b).

When interpreting the flatwise bending moment data, it must
be kept in mind that the moment was generated by three load distributions,
One contribution to the moment was generated by the weight distribution
of the blade; the second contribution was generated by the effect of the
centrifugal loads; and finally, the third portion of the flatwise bending
moment was generated by the aerodynamic loads. The contribution to
the flatwise bending moments due to the blade weight distribution is
known and is presented in Appendix III, However, the contribution
generated by the centrifugal forces cannot be determined readily since
the value of the centrifugal moment depends upon the bent shape of the
blade and hence upon the aerodynamic loads. Thus, it is possible for
the centrifugal moment to contribute positive or negative values of the
bending moment at a given station depending upon the aerodynamic loading
on the blades. For instance, consider the case where the blade is
carrying an aerodynamic load just sufficient to counteract the distributed
weight of the blade., For tkis configuration, the centrif:gal moment con-
tribution at each spanwise station will be negative due to the three degrees
of coning which this rotor system had. Now consider the case where the
rotor blade is carrying a considerable negative load, as, for instance, in
the case of root collective equal to six degrees as shown in Figure 10,
Here it is conjectured that the blade tip is bent such that it is very nearly
in the plane of rotation or slightly below it. Hence, the centrifugal load
generated by this portion of the blade will be contributing positive
moments to blade stations which lie above the plane of rotation, Thus,
conclusions drawn from these data relative to the behavior of the aero-
dynamic moments with collective blade angle must be qualified by these
considerations,

In any event, the variation, with the root collective angle, of
the distribution of the mean flatwise bending moments is relatively smooth
and shows no unusual characteristics (Figure 10a). The mean edgewise
bending moment distribution indicates that for all values of the collective
angle at this advance ratio, the blade was experiencing a mean positive
edgewise force (chord force) about the azimuth, i.e., the rotor was
drawing power. This was substantiated by the plot of the mean value of
the shaft torque versus the collective angle. The positive value of torque
at Gg = 9.2 degrees in Figure 10b is questionable. Plots of the azimuthal
variation of the shaft torque indicated that a very large torque oscillation
occurred for this case. However, a check of the or.ginal oscillograph
records indicated no corresponding large oscillations, It was
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subsecquently found that the transcribed data were 1n error at several
azimuthal points, Thus, not only is the time history ot the shaft torque
questionable, but the mean value for this particular case 13 also
questionable, This type of error occurred for several cases, Itas
believed that this problem was caused by a malfunction of the data trans-
cribing equipment, It was noted for tive signals 1n four difterent cases,
Insufficient time prevented correction of these cases. The cases, pre-
sented in Volume II, are noted here along with the questionable
quantities: Figure 9 (Run 2.19)-torque; Figure 24 (Run 7. 11)-parallel
mast bending, upper; Figure 57 (Run 7, 25)-parallel mast bending, upper;
Figure 77 (Run 8, 3)-torque and parallel mast bending, upper,

Presented in Figures |11 and 12 are the corresponding plots
of the mean values of the blade and mast bending data for the same veloc-
ity (140 ft/sec) but with the steady-state rotor speeds being 51 rpm and
7 rpm, respectively, The corresponding advance ratios for these two
cases are 1.20 and 8,69 based upon the nominal values of freestrcam
velocity and rotor speed, With the exception Of the flatwise and edgewise
bending moment distribution shapes, no significant changes in the mean
loads are noted for these advance ratios. The change in the character
of the distribution of the flatwise bending moments is attributed largely
to the decreased effect ot the centrifugal stiffening on the blades as the
rotor speed was reduced., This is quite evident in the comparison of the
flatwise moments for 6, = 7.5 degrees 1n Figures 10, 1l and 12, Here it is
observed that for the same freestream velocity and 6g , a decrease in
rotor speed results i an increase in the mean flatwise moment, It s
suggested that this is due to the decreased negative centrifugal moment,

The positive value of shaft torque indicated at 6, 3 degrees in
Figure 11 is believed to be an error. Again, the error is attributed to
transcription, The positive value indicated at 9.1 degrees 1s probably
not an error and indicates that for this collective setting, the rotor was
operating in an autorotative state, i.e., extracting energy from the a;r,
This conjecture appears to be substantiated by the yoke chordwise
bending moment data, which indicate a small negative value (i.¢., nega-
tive bending moment indicates compression in the leading edge of the
blade and hence corresponds to a negative chord force). The
increasingly positive value of the mean shaft torque with increasing co
lective angle is believed to be due to the relatively large reverse fluw
region existing for this advance ratio, Shown in Figure 13 are regions
of the rotor disk which experience reverse flow for various advance
ratios, As can be seen for the case in hand ( s = [.22), the blade
is in a region of reverse flow for approximately one quarter of the time
that it is operating on the retreating side, Now, with the sharp trailing
edge of the blade acting as the leading edge, a positive increase of the
collective angle represents an increased negative angle of attack of the
blade over this portion of the rotor disk and, hence, an increased nega-
tive lift (i, e., acting downward). This increased negative Lft with its
corresponding induced drag coupled with the profile drag gives rise to a
torque which tends to accelerate the rotor over this portion of the disk,
Thus, as the collective angle of attack is increased, the magnitude ot the
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torque over this portion of the disk is increased, Further, with the
trailing edge of the airioil leading into the wind, it might be anticipated
that airfoil stall with its correspondingly large increase 1n drag would be
encountered at a lower value of the collective angle than 1aght be expected
on the advancing side. Thus, 1t mught be expected that for a rotor oper-
ating at this advance ratio range (or for any advance ratio where a large
portion of the retreating half of the disk experiences reverse flow), an
increase of the collective angle will tend to cause the rotor to operate in
an autorotative state. Furthermore, one might expect that as the
advance ratio was increased for a fixed collective, the rotor would tend
toward an autorotative operating condition also, These conjectures
appear to be substantiated by the shaft torque vs. collective angle plote
in Figures 11 and 12, Observe, first, that as the advance ratio is
increased, the shaft torque 1s increased from negative to positive value«
for the range of collective angles tested and second, that at a fixed
advance ratio, an increase in @ caused a corresponding increase (in
positive direction) of the torcve, As can be scen from Figure 13, for an
advance ratio of 8,7, the blau. operating on the retreating side was
almost entirely in a region of reverse flow.

As further evidence to support these conjectures as well as
to provide an indication of the azimuthal variations of certain of the loads
measured at the various collective settings, selected moments are pre-
sented in Figure 14, Presented are the azimuihal variation of the shaft
torque, parallel mast bending (upper), edgewise and flatwise bending
moments at the 60 and 65 percent span stations, respectively, and the
torsional moments at the 50 percent span. The advance ratio was 1,20
(v, =141 ft/sec, 42 =51 rpm). For a collective angle of approximately
7.5 degrecs, the torque 1s clearly negative for approximately the first
60 degrees of the rotor revolution, after which point the torque rises
almost to zero and remains nearly zero until approximately 160 degrees
after which point it becomes increasingly negative, It is noted that over
the range 60 degrees to approximately 160 degrees, the retreating blade
is operating in a reverse flow region and hence it can be inferred that the
drag generated over the retreating blade approximately equals the drag
generated on the advancing blade. With the collective angle increased to
9.1 degrees, it is observed that a large positive torque results over this
region ( 60° to 160°); with the collective angle reduced to 5. 8 degrees,
the torque assumes a very large negative value, Thus the arguments
made previously appear to be substantiated. It should be noted here that
by similar arguments, it can be inferred that for advance ratios of approxi-
mately 1,0 and greater, autorotation will be encountered for very low (&; <
5.8) collective angles also, For this latter situation, however, the
advancing blade will generate the accelerating torque.

While the variation of the mean mast bending moments was
not large for variations in collective angle, this was not the case for the
oscillatory components of these moments as indicated in Figure 14, The
corresponding oscillatory loads experienced were quite large and reached
peak values on ine order of + 4, 000 footpounds. The variations occurreda
at l-per rev and indicate that the rotor was subjectéd to very large pitching
and rolling moments (in the fixed frame). The amplitude of these l-per-rev
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variations increased with increased collective angle.

Superimposed on the l-per-rev flatwise bending response at
65 percent span can bhe seen a large 2-per-rev signal, The results pre-
sented for the 65 percent span are typical for all other stations., This
2 per rev response was identifiable with the 2-per-rev resonance indicated
on the main rotor natural frequency plot in Figure 58.

Consider the case of the rotor operating at a velocity of
approximately 78 ft/sec and a rotor speed of 71 rpm. This corresponds
to an advance ratio of 0.5. Presented in Figure 15 are the plotted varia-
tions of the mean values of the blade and mast bending moments and in
Figure 16 certain of the corresponding azimuthal variations of
these data, The most significant change to note relative to the data
collected at . = 1,20 is the behavior of the mean shaft torque with
increasing collective angle, Here, for «# = 0,5, the shaft torque became
increasingly negative as the collective angle was increased.

Presented in Figure 17 are the mean values of the blade and
mast bending moments obtained for a variation of the shaft angle at an
advance ratio of approximately 0,74 (# =121 ft/sec and £2 = 7] rpm).
Generally, the mean values at this advance ratio show little sensitivity to
changes in shaft angle, Of particular interest is tl.2 behavior of the
torque with variations in shaft angle, A minimum in the shaft torque
occurs at approximately -0,5 degree, The shaft torque increases on
either side of the shaft angle at which the minimum torque occurs. Note
that if this trend maintains itself as the shaft angle is increased or
decreased, autorotation will occur at relatively small shaft angles (i. e.,
approximately +3 degrees).

Presented in Figure 18 are the effects on the mean loads and
moments of a variation in shaft angle at a considerably higher advance
ratio of 13, Presented in Figure 19 are the corresponding azimuthal
variations of several of these quantities. Note the large change in the
mean flatwise and edgewise bending moments distributions as the shaft
angle is varied from -4 degrees to a +4 degrees. This variation in the flat-
wise bending moment is believed to be directly attributable to the effect of
the reverse flow region, Briefly, with 6o fixed, the effect of a positive
shaft inclination is to increase the angle of attack on the advancing side
of the disk while decreasing it on the retreating side. Thus, positive
bending moments on the zdvancing side of the disk become larger while
the negative moments on the retreating side become less negative, and
hence the mean bending n.i.ments increase, A similar argument holds for
negative shaft angles.

Clearly discernible in the azimuthal variations of the edge-
wise bending moments and the torsional moments are 2-per-rev responses,
The torsional moment variation can be explained by considering the case
for a, = +3,92 degrees. As the blade moves through ¢ = 0 toy = 180
degrees, the aerodynamic load acting ahead of the blade elastic axis would
be expected to increase as would the corresponding torsional moment
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produced, As the blade moves into the retreating side of the disk, the
effect of the shaft inclination would be to reduce the negative angle of
attack experienced by the blade in the reverse flow region, thereby
reducing the correspunding negative aerodynamic load. However, the
approximate location of the effective aerodynamic load on the retreating
side of the blade is probably close to the 3/4 chord, and hence a larger
moment arm is effected than existed on the advancing side, Thus, the
torsional moments are brought back up to approximately the same level
as on the advancing side.

The 2-per-rev edgewise bending moment for the same case
is not as readily explainable,

Presented in Figures 20 and 21 are the results obtained at
an advance ratio of 13 for a variation of the blade collective angle, The
behavior of the mean values is much the same as discussed previously
for Vp =14l fpsand . =7.1 rpm,

Heuristic arguments, such as those presented earlier in this
report to explain the effects of certain parameter variation:, led to the
conclusion that for high-advance-ratio operation (,u. > 1.0), the effect of
shaft angle and blade sine component of cyclic variation would be similar,
Further, the higher the advance ratio, the closer the similarity, To
check this reasoning. several cases were compared where the corre-
sponding test parameters were similar, A typical comparison s
presented in Figure 2. FEven though the cases are not precisely coni-
parable, the similarity in the azimuthal variation of the loads is good.
The agreement between the pressure variations for these two cases is
also very good. Hence, it is concluded that for high-advance-ratio
operation the elfects of shaft angle and blade sine component of cyclic
variation are interchungeable,

Several attempts were made to correlate the steady-state
experimental results (loads, moments and pressure distributions) with
the theoretically predicted airloads computed by the program given in
Reference 9. The approach of Reference 9 (referred to hereafter as
transmitted shear program - TSP) was based upon Reference 10, The
analysis of Reference 10 (referred to hereafter as blade loads program -
BLP) represents each blade section as a chordwise distribution of bound
vorticity. The distribution is then approximated by a Glauert series,
and the coefficients are determined by satisfying the boundary conditions
at a discrete number of chordwise stations. The blade wake 1s modeled
as a mesh of straight-line vortex elements. Positioning of the wake is
predetermined. The eclastic characteristics of the blade are accounted
for as well as the corresponding blade deflections in determining the
aercdynamic loads. The two principal reasons for correlating with the
TSP 'i1.¢ 1y rather than BLP were: (1) the digital program associated
with TSP wus in an operating condition at the time of the imitiation of
this program, and (2) the TSP theory included the pitch, torsion, and
inplane degrees of freedom as well as the significant mass. elastic and
geometric coupling terms between all the degrees of freedom which were
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not included jn the BLP digital program.

Three cases were selected for theoretical computation and
correlation, They were: (1) V = 80 fps, 1 = 71 rpm, g = 5 degrees
(this corresponds to an advance ratio of approximately 0.5); (2) v =
120 ft/sec, 2 = 70 rpm, 4, = 7.5 degrees, shaft angle equal approxi-
mately -4 degrees (this corresponds to an advance ratio of approximately
13); (3) v, =120 ft/sec, 2 =7l rpm, 6g = 7.5 degrees, and the shait
angle equal approximately -2 degrees (this corresponds to an advance
ratio of 0, 74). These three cases were selected because they would pro-
vide a check on the theory over the entire range of advance ratios tested
The first case was selected because it provided the lowest advance ratio
of all the points tested and it was believed that correlation with the theory
should be best at this point, The latter two cases were selected because
they provided an axial component of the freestream through the rotor due
to shaft inclination, This axial component would provide the mechanism
by which the blade wake would be removed from the rotor plane, therecby
minimizing computational difficulties in the digital program which occur
when the wake lies very close to the plane of the rotor. The results
obtained for the advance ratio cases 0,74 and 13 are presented 1n Figures
23 and 24, respectively, Presented in these figures are the azimuthal
variations of the theoretical and experimental values to be compared,
The results for the case of advance ratio equal to 0.5 were not presented
because no converged solutions could be obtained, In particular, 1t was
found that the motions of the blade did not converge to reasonable values,
It is believed that this may be due to the fact that the Glauert coetficients
were not being properly limited in the digital program, The expression
for the lift at a given blade segment as presented in Reference 9 13

presented here:

J
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where
b = blade semichord
Y = freestream air density
17 = freestream velocity
Qa = local lift curve slope
4,, A, , A, = coefficients of the Glauert series representing the

bound vorticity distribution
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It is conjectured that for those cases where a wake vortex
element lies very close to a collocation station (point on the blade sur-
face at which the boundary conditions are satisifed) at some azimuthal
position, the computed values of one or more of the Glauert coefficients
may become extremely large. Hence, because of the manner in which
the time rate of change term of the Glauert coefficient is evaluated (that
is, by curve fit through points at discrete, equally spaced intervals),
very large values of their time rate of change might be computed. Thus,
the corresponding lift could become extremely large, Despite all of the
various limiting schemes built into the program to prevent such an
occurrence, indications are that this did occur for the case in question,

As evident from the comparisons in the figures, the agree-
ment between the theory and the experiment was poor for both cases for
which converged solutions were obtained.

Even for these converged solution cases, it was observed that
the computed induced velocities over the entire rotor cdisc were limited
to their maximum allowable values. This maximum value was predeter-
mined arbitrarily and is employed in the program to circumvent the
computational difficulties which arise when a wake vortex element lies
close to a collocation point at which the blade boundary conditions are
being satisfied, Because of this limitation, the true effects of the wake
could not properly be assessed for those cases analyzed. Whether these
wake effects were significant to the computed rotor loads is not known,

While the reasons for the lack of agreement between the theory
and experiment for these two cases is not definitely known, numerous
possibilities exist: first, the possibility that computational errors may
exist in the program which did not become apparent until the very
unusual cases attempted herein were run; second, the possibility that the
effects described above which led to the unconverged solution for sa = 0.5
might be occurring for the remaining cases and thereby account for the
lack of agreement., Last, and most probable, is the fact that the rotor
operating conditions of these tests represents a basic departure from
the theoretical model used in TSP and BLP,

One of the fundamental assumptions being violated in the
mathematical model is the assumption that an adequate description of the
wake is known under these flow circumstances. In addition to the question
of the wake location is the question associated with the character of the
wake shed from a blade which has a bound vorticity distribution which
changes sign across the span,

Further, since the major portion of the rotor is in a reverse
flow region, the question of the behavior of the airfoil with its sharp
trailing edge now acting as the leading edge becomes extremely important,

Finally, the assumption made in TSP and BLP that the

interference effects from the fuselage (pod in this case) are small is not
necessarily valid for the cases under consideration, Thus, any one or
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combination of the above may account for the lack of correlation,

DISCUSSION OF STARTING/STOPPING SEQUENCES

The start/stop cases listed in Table IIl were studied in order
to determine; which cases should be reduced; whether the entire record
should be reduced for the entire stopping/starting period; and whether
all traces should be reduced. The problem of data reduction was a
formidable one since the shortest stopping period (from 70 rpm) was
24 seconds, while the shortest start-up time was approximately 60
seconds, To reduce with fine resolution from the beginning to the end,
all of the traces for all of the cases, would have required an inordinate
effort (that is, approximately 500, 000 bits of information would have had
to have been read), However, from inspection of the records, it
appeared that no significant difficulties or unusual behavior of the blade
response or loadings were encountered during any of the starting/stopping
sequences, This proved true for all the cases inspected, Hence, only
one start case and one stop case were selected in order to provide typical
detailed results., However, the remaining start/stop records were
analyzed to obtain characteristic times, accelerations and peak
amplitudes measured during the maneuver.

For both the start/stop cases, three major time intervals
were inspected and reduced. For stopping cases, the first ten seconds
after application of the rotor blade brake was read in increments of 0,05
seconds. The second time period read for the stopping case was the
three seconds during which the rotor speed passed through one half of its
steady state operating speed. This interval was also read in time incre-
ments of 0,05 second, The final time period reduced was that which
encompassed the final seconds of the rotor stopping. Since the rotor
high frequency oscillatory responses were almost completely attenuated
by this time, this final period was read in time increments of 0. 10
second, The time increments in each period were selected so as to
provide an indication of the highest significant frequency present in the
traces.,

The start-up cases were read similarly, The first 13 seconds
after application of power to the rotor were read as follows: For the
time period 0 to 8 seconds, the time increments at which readings were
taken were 0. 5 second; for the time period from 8 to 10 seconds, the
time increments were 0,10 second; and for the 10 to 13 second time
period, the time increments were 0,05 second, Readings were again
taken over the time period during which the rotor achieved one half of
its steady state operating speed; the time increments were 0.05 second.
Finally, the data from the last seconds before the rotor achieved steady
state operating speed were read in increments of 0, 05 second.

Of the moment data, only selected blade and mast moments
(blade flatwise and edgewise moments, lower mast parallel and perpen-
dicular, bending and mast torque) were reduced for these cases. Of the
pressure data, only the pressure at the 85 percent span were analyzed,
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The results for the starting case are presented in Figure 25. The
results for the stopping case are presented in Figure 26,

Presented in these figures are the analog signals recon-
structed from the digitized data, The choppy appearance is due to the
fact that the time increments were 0, 05 second and larger. Fven
though the values of the loads experienced are accurately shown only
at specific points on the graphs, it is felt that the major characteristics
of the frequency and amplitude are preserved in the figures. For a
typical example of the actual traces, see Figure 27,

The remaining start/stop records were studied to obtain such
information as, the total time to start or stop, and the acceleration or
deceleration. Also noted for selected traces were: (l) the steady-state
amplitude, (2) the amplitude and the time at which the rotor reached one-
half its steady-state rotor speed, (3) the time required to reach one-half
the steady-state amplitude, and (4) the time and magnitude of the maximum
amplitude reached for each trace during the start or stop sequence. Pre-
sented in Figures 28 through 33 are typical results of these analyses.

The start-up shown in Figure 25 took approximately 62
seconds. The conditions at time ¢ = 0 were: the freestream velocity was
140. 6 feet per second; the blade root collectiv 2 was at 7. 35 degrees, and
the shaft angle and cyclic angles were set at zero. The reference blade
was at ¥ =0 (i.e., downstream),

As noted in the figure, it took approximately 9, 3 seconds
for the first rotor revolution, The second rotor revolution occurred at
approximately 13,3 seconds, The time history of each successive rotor
revolution is shown in Figure 28(a). The rotor speed is given by the
rate of change of the curve shown. The rotor acceleration is corre-
spondingly given by the second derivative of the curve shown, It was
determined that the acceleration achieved for this case was very nearly
constant, Indicated in the figure are the times required to reach one-
half of the rotor steady-state operating speed and the time required to
reach the rotor steady-state operating speed, Also noted are the rotor
speeds at each of these instants of time. Note that at £ = 33 seconds,

L =~ 37 rpm, while at £ = 61,7 seconds, {2 = 72 rpm, which indicates
a nearly linear variation of Q. with time, i.e., a constant acceleration.
Shown also in this figure (Figure 28(b)) is the corresponding information
for a rotor start-up at 120 fps. The acceleration of the rotor, though
less than the 140 fps start-up, was again approximately constant,

The flatwise bending moments for the 140 fps start-up in the
vicinity of # = 0 were nominally zero from the blade tip to approximately
50 percent span (Figure 25)., Inboard of this spanwise station, the flat-
wise bending moments were clearly positive, indicating a positive loading
on the blade., The corresponding edgewise bending moments were also
nominally zero around the time of start-up of the rotor. The parallel
mast bending and perpendicular bending moments indicate relatively
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large negative values. The observed negative parallel bending moment
value at = 0 is believed to be generated by the larger positive aero-
dynamic loading of the forward blade relative to the aft positioned
reference blade., A larger aerodynamic load is believed to exist

on the forward blade for two reasons: (l) the interference effects due to
the rotor module are much less on the forward blade than on the aft
blade, and (2) the three degrees of hub coning is sufficient to overcome
the deflection of the tip due to the blade weight and hence presents the
blade as effectively a low-aspect-ratio wing at positive angle of attack
relative to the freestream. Both of these reasons tend to infer a lower
blade loading on the reference or aft blade. As the rotor traverses
through its first revolution, the blade loadings behave as might be
expected. For example, we see the flatwise bending moment at 15 per-
cent span increase to its maximum value at approximately five seconds
which corresponds roughly to the reference blade now being at ¥ = 180
degrees (i. e., into the wind), Corresponding to this increase in the flat-
wise bending moment, we see the parallel mast bending increase from a
negative value to a corresponding positive value in the same time period.
(Recall that positive parallel mast bending corresponds to a positive load
on the reference blade,)

Toward the end of the second rotor revolution, a response in
the flatwise bending moment at approximately 54 cpm was observed. It
persisted until approximately the third rotor revolution, after which point
it was not clearly discernible, Variations in the differential pressure
at this frequency were also noted. The source of the excitation was not
readily identifiable. However, the following explanation might be con-
jectured. The rotor frequency plot presented in Appendix III, Figure 58,
was computed with the assumptions that the pylon and mast assembly
was rigid (i. e., no inplane hub motion was allowed) and that no edgewise-
flatwise coupling existed, Hence, the first uncoupled, symmetric flat-
wise bending mode was calculated to be approximately 80 cpm., Calcula-
tions were then made which included edgewise coupling but still ignored
the mast flexibility. The natural frequency of the first symmetric flat-
wise bending mode was found to be approximately 63 cpm at zero rotor
speed. The rotor speed at the end of the second revolution was approxi-
mately 10 rpm. Hence, it is conjectured that the sixth harmonic of the
rotor rpm could have provided the excitation, Its symmetric charac-
teristic was substantiated by the fact that no response at this frequency
was noted in the mast parallel bending signals.

As the rotor speed increased, another significant response
in the flatwise bending moment was observed. The frequency of the
response was at approximately 540 cpm (9 cps) and is believed to
correspond to the third flatwise bending mode of the blade (see Figure 58),
The maximum amplitude of this response seemed to occur between rotor
speeds of 60 and 70 rpm. It is clearly identifiable in the trace for the
65 percent flatwise bending,

A blade response that 1s not as apparent on the plots presented
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in Figure 25 was noted on the oscillograph records, Its character

was somewhat attenuated in the transcribed data plots because of the
selected time intervals at which the readings were made. This response
was noted in the perpendicular mast bending at approximately 420 cpm

(7 cps). It was also observed in the edgewise bending moment traces,

It corresponds approximately to the calculated first symmetric edgewise
bending mode. This response appeared very early in the start-up
sequence and was particularly apparent in the perpendicular mast
bending moment, It can best be seen in the response of the 60 percent
span edgewise bending moment presented in Figure 25,

The torsional response of the rotor shaft is shown in the
torque vs, time plot, This plot actually represents the angular displace-
ment time history of the shaft. While the detailed behavior of the shaft
response depended upon (1) the time history of the applied torque (which
was not kept constant throughout the start sequence), (2) the elastic
characteristics of the rotor blades, shaft, transmission, etc,, and (3)
the resultant aerodynamic torque, it is suggested that the principal
character of the shaft response is explained by considering the response
of the following system:

Let r, represent the rigid body inertia of the rotor system
and 7, the rigid body inertia of the transmission and motor, The shaft
torsional flexibility is given by ¢ and the damping in the system by (.
The response of this system to a step input of torque is shown below,

N AN

5=

- —= TIME

ANGULAR
DISPLACEMENT

The step input of torque to I, results in an angular deflec-
tion of §; . The manner in which Iy reaches this value depends upon
the ratio of the inertias, the shaft stiffness, and the damping of the sys-
tem, For a highly damped system, the shaft angular displacements are
shown by the curve labeled ¢, . As the damping is decreased, the
response tends to overshoot the steady value & as depicted by the curve
labeled C,.

This characteristic overshoot is observed in the torque
signal as it rises to its maximum value at ¢ = 8,5 seconds and then
rapidly falls off. The successive peaks at ¢ = 10 seconds and 11.5
seconds, etc., are conjectured to represent oscillatory character of the
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system inertias (rotor and transmission) on the flexible mast,

The oscillatory peaks at ¢ =1 to 4 seconds and again shown
fromm ¢ = 33 to 35 seconds correspond to a torsional response of the shaft
at approximately 60 cpm (1 cps). It was damped out as the rotor reached
steady operation. The source of this excitation was not obvious and no
conjecture was made. A similar excitation was observed during the
stopping sequence.

To indicate the behavior of the differential pressures during
start-up, the results obtained from the 85 percent span station are also
presented.

The amplitude ratios (peak-to-peak amplitude at a given
time divided by the peak-to-peak amplitude at steady-state rotor opera-
tion) for several of the more critical bending traces (flatwise bending at
15 percent span, lower parallel and perpendicular mast bending) are
shown in Figure 29. Also presented is a time history of the mast torque
amplitude ratio. Indicated on the plots by the symbols are (1) the
amplitude ratio at the instant of time at which the rotor speed attained
one-half the steady-state rotor speed, (2) the maximum amplitude ratio
achieved, (3) the time required to reach one-half steady-state rotor ampli-
tude,and finally (4) the time required to reach the steady-state rotor
operating speed. Part (a) of the figure presents the results for a start-
up at 120 ft/sec,and (b) presents results observed at a start-up of 140
ft/sec and corresponds to the detailed results presented in Figure 25,

The start-up acceleration for the 120 ft/sec case is shown in Figure 28(a)
and,as noted previously,was less than that for the 140 ft/sec start-up case,
but still approximately constant. As can be seen from the time histories
of the amplitude ratios, no startling behavior of the critical rotor ampli-
tude ratios was observed during the start-ups. This was typical of all

of the start-ups attempted during these rotor tests.

Typical time histories of data collected from a rotor being
stopped from approximately 70 rpm in a freestream velocity of approxi-
mately 140 ft/sec are presented in Figure 26. The blade root collective
setting was approximately 7.4 degrees with shaft and cyclic angles set
equal to zero. The same data presented in the start-up case are presented
for the stopping case. Again, three principal time periods are presented:
the first 10 seconds of the rotor operation after application of the brake,
the time period which included the rotor reaching one-half steady-state
rpm, and finally, the time period encompassing the final stopping of the
roter. Each trace was read at time increments of 0. 05 second for the
initial 10-second time period as well as for the time period encompassing
the rotor operating at ane-half its steady-state rotor operating speed. The
last 2 seconds of the rotor stopping were read in time increments of
0.10 second,

The same general characteristics of the rotor behavior

were noted on stopping the rotor as previously noted on starting up. In
particular, note the 65 percent span flatwise bending moment. A clearly
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identifiable buildup in the flatwise bending moment response at approxi-
mately 540 cpm (9cps) is evident., Since the rotor was operating for
these tests very near a flatwise resonant point with the 7-pre-rev input,
the large response generated at this frequency upon application of the
brake is not unexpected, Further, the response disappearcd very
quickly after the rotor passed through the resonant point, Note that as
the rotor slowed down, the oscillatory response in the edgewise bending
moment tended to increase, Further, the mean value of the edgewise
bending moment tend. d to move from a positive value to an increasingly
negative value. The ouscillatory edgewise bending moments occurred
predominantly at 60 cpm (1.1 cps) throughout the entire stopping time.

The mast parallel bending moment showed a similar
tendency. That is, the oscillatory amplitude appeared to grow as the
rotor slowed down, The mean value, however, did not seem to change
significantly from its steady-state value. If anything, it appeared to
tend to zero,

The rotor mast torque showed surprisingly large values of
oscillatory response during the stopping of the rotor, A peak amplitude
of approximately 2, 000 foot-pounds was reached, The behavior of the
mean value of the torque curve shown in Figure 26 is as might be
expected, However, the source of the large oscillatory amplitudes
observed in the torque response is not known, It is observed, aowever,
that these oscillations occur at approximately 1.1 cycles per second
throughout the entire stopping sequence., This frequency corresponds to
the observed edgewise bending moment response. If the edgewise
response of the blade (as noted above) were antisymmetric in character,
it could be reflected in the torque response, However, no mechanism
could be readily found which clearly accounted for the source of excita-
tion since no known cdgewise resonances occur at this frequency,

The time histories of the differential pressure at the 85 per-
cent span are also presented. Note that none of the very high frequency
oscillations observed in moment signals are observed in pressure
signals, Also note that the characteristic shape of pressures at each
transducer location is very similar and maintains its character with time,

Presented in Figures 30 and 31 are the time histories of the
number of rotor revolutions from the tin.2 of brake application until the
time the rotor was deemed to be stopped, Stops from 70 rpm were made
at three different tunnel velocities: 120, 140 and 158 {t/sec. Stops were
also made from 70 rpm at a tunnel velocity of 140 ft/sec employing three
different brake pressures: 150 psi, 200 psi and 225 psi. As can be seen
in Figure 31, the difference in the deceleration of the rotor for the 200
and 225 psi applied brake pressure cases is virtually negligible. The
deceleration for the 150-psi applied brake pressure was less than for the
iwo previous cases, The results in terms of the oscillatory amplitude
ratio, however, are not appreciably different, as can be seen in Figure
32. The major differences occur in the time at which the maximum
amplitudes were observed. The magnitude of the maximum amplitude
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ratios remains approximately the same for all cases,

Presented in Figure 33 are the results observed during
stops from 70 rpm at several freestream velocities with the same
applied brake pressure. Again, no significant trends could be established
with stopping from the different velocities. The differences in the maxi-
mum oscillatory amplitude ratios observed and the times at which these
peaks were obtained differed from case to case. Thus, the effect of air-
speed on the stops was not clearly discernible, The noted differences
could be attributable to slight differences in the initial rotor speed from
which the stop was begun as well as to the azimuthal location of the blade
at the time of brake application. Generally, it was noted that as the
length of time required to stop the rotor was increased, the peak oscilla-
tory amplitudes observed also increased. The differences between the
oscillatory loads for the different stopping conditions were not appreciable.
All had approximately the same characteristics. Further, at no time for
any of the start or stop cases were maximum oscillatory loads encountered
which exceeded approximately twice the steady-state oscillatory loads.

Attempts were made to correlate the stopping and starting
experimental data obtained in these tests with the theory developed under
USAAVLABS Contract No. DA 44-177-AMC-77(T) and reported in
Reference 8. These efforts were singularly unsuccessful, Analysis
was attempted for one start case and one stop case. For both of these
cases, computational instabilities were encountered which could not be
circumvented within the framework of the present effort.

DISCUSSION OF STOPPED-ROTOR RESULTS

Results of the Priority three tests are discussed in this
section, These data constitute information taken while the rotor was
stopped at various azimuthal positions in a freestream velocity
of approximately 160 ft/sec. The tests were conducted to provide a
partial check of the current data with those data obtained in Reference 3
as well as tosupplement the data of Reference 3, Of particular interest
was the verification of the pressure distributions measured during the
previous test program,

While the rotor blades used in the two tests were the same,
there were some differences between the tests reported in Reference 3
and those reported here, These differences were: (a) the rotor used in
the current test had three degrees of coning whereas the rotor used in
Reference 3 had no coning, (b) the rotor configuration of Reference 3
provided for independent collective settings of the two blades, (c) the test
configuration of Reference 3 had a different blade root fixity--that is, the
blade attachment did not have the flexibility associated with the present
rotor mast configuration,and (d) the blade of Reference 3 had bonded to its
surface additional pressure transducers and bending gages, The addition
of these pressure transducers and bending gages necessitated the use of
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signal-carrying wires which ran along the trailing edge of the blade to the
various stations at which these gages were located., Thus, the geometry
of the trailing edge was altered from a sharp to a blunted trailing edge,
For the tests in hand, these pressure transducers and bending gages and
the corresponding wiring were removed and the trailing edge returned to
its original sharp configuration,

All of the data collected and noted in Table IV were reduced
and the results analyzed, These results generally confirmed the trends
and results found in Reference 3. Hence, only typical results are pre-
sented herein, The results selected for presentation were those obtained
for the reference blade located at an azimuthal position of 255 degrees,
One of the reasons for presenting the data from this azimuthal position
was that instabilities were encountered during the tests of Reference 3
and reported in greater detail in Reference 11,

Further, because of the differences in the two rotor con-
figurations noted previously, the only data which could conveniently and
directly be compared were those of flatwise bending moment, edgewise
bending moments, blade torsional moments, and the chordwise distribution
of the measured differential pressures at their various spanwise stations,
Presented in Figures 34 and 35 are typical flatwise and edgewise bending
moment distributions at two values of the blade collective angle. No
unusual characteristics were noted.

Figure 36 presents a cross plot of the variation of the 15
percent span flatwise bending moment with the collective angle, A
smooth variation is noted with an indication that a maximum value has
been reached at approximately -1,5 degrees of collective angle, It is
conjectured that a large portion of the outer span of the blade was stalled,
Even though the aerodynamic angle of attack distribution was not known,
it is believed that these outboard sections were stalled due to the fact that
the sharp leading edge was into the wind and that geometric angles of
attack from approximately 8 to 11 degrees existed over these outboard
stations, The results of the torsional moment distribution vs., collec-
tive angle presented in Figure 37 tend to substantiate this supposition.
Both the 15 percent span and the 50 percent span torsional moments indi-
cate a minimum at approximately -1 to -1,5 degrees of collective angle,
The relatively large torsional moments are generated by the positive lift
effectively acting at the 3/4 chord of each station, Since the 3/4 chord is
considerably aft of the elastic axis position, large negative torsional
moments are generated on the blade,

Typical differential pressure distributions at several span-
wise stations are presented in Figure 38 for two values of the collective
angle. These pressure distributions at each spanwise station indicate
tue large expected suction at the trailing edge of the blade (now acting as
the leading edge). Note that the 85 percent span data indicate a distinct
peculiarity at chordwise stations between 5 and 20 percent, This pecu-
liarity was observed at all azimuthal positions and all collective angles,
It was also noted in the flight test data of Reference 2 as well as the data
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of Reference 3, This peculiarity has been attributed to the leading edge
cap strip which extends to slightly past 85 percent span, The lack of a
sufficient number of pressure transducers in the region outboard of 85
percent does not permit further substantiation of the ''cap strip"
hypothesis,

Presented in Figure 39 are comparisons between stopped
rotor flatwise bending moment distributions obtained during current tests
and those obtained in Reference 3, The flatwise moment distributions of
Reference 3 indicate lower moments at all values of azimuthal positions
compared, While the magnitude of the flatwise bending moment is lower
for Reference 3, the distributions at each of the azimuthal positions
(90, 120 and 255 degrees) are the same., The lower moments obtained
in Reference 3 (particularly for 120 degrees and 255 degrees) can be
attributed in part to the fact that the rotor of Reference 3 had no coning
angle and in part to the effects of its blunted trailing edge, Also contrib-
uting to the lack of agreement was the fact that for the current tests the
azimuthal position was not known precisely, The estimated error was
410 degrees.

The con.parison of the pressure data presented in Figure 40
for azimuthal positions of 90 degrees and 225 degrees exhibits the expected
differences in amplitude for the reasons noted above, However, of more
significance is the close agreement of the distribution found for the for-
ward 60 percent of the chord,including the characteristics previously
noted over the 5 to 20 percent chord, region at the 85 percent span, Of
equal significance are the considerable differences in the characteristic
distribution (as well as magnitude) of the pressure differentials measured
over the aft 40 percent of the airfoil chord, This peculiar behavior is
attributed to the blunted trailing edge which existed on the reference
blade of the rotor of Reference 3.

The instability encountered in Reference 3, and reported in
more detail in Reference 11,was not encountered during any of these tests,
Even though blade collective angles were tested well within the indicated
instability region of Reference 11, no indications of the previously reported
instabilities were noted. All of the blade bending moments and torsional
moments were relatively constant and did not exhibit any indication of the
large intermittent oscillatory motions reported in Reference 11, It should
be noted, however, that any difference, or coembination of differences,
between the two test configurations (discussed previously) could account
for the fact that no instability was encountered during the current rotor
test program,
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CONCLUSIONS

The following conclusions were based upon the analysis of a
limited amount of the extensive body of experimental data collected during

this program.

CONCLUSIONS REACHED FOR THE STEADY-STATE OPERATION OF THE
ROTOR AT HIGH ADVANCE RATIOS

l.

The mean shaft bending moments measured were
found to be relatively insensitive to variations in
the collective or shaft angles for a given combina-
tion of freestream velocity and rotor speed,

It was found that for these tests, as advance
ratio was increased, autorotative operation of
the rotor was encountered for any fixed positive
collective angle.

Further, for a fixed advance ratio above 1,0,
it was found that autorotation was encountered by
increasing the collective angle in a positive direction,

For advance ratios above 1.0, autorotation could
be encountered by either increasing or decreasing
the shaft angle sufficiently beyond zero.

Very large oscillatory shaft loads and moments
were generated by collective changes at advance
ratios much greater than 0.5, The l-per-rev
variations were magnified as the advance ratio
increased due to the influence of the reversed
flow region,

It was found that the shaft angle and the sine
component of the blade cyclic angle are inter-
changeable at the very high advance ratios,

The correlation between experiment and the

existing theory was found to be very poor for
all the high-advance-ratio cases calculated.
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CONCLUSIONS DRAWN FOR THE STARTING AND/OR STOPPING

OPERATION OF THE ROTOR

L,

It was found that no aerodynamic or structural
response phenomena of an unusual nature occurred
during either the starting or the stopping of the
rotor during this study.

For the rotor employed in these tests and for the
starting and stopping conditions of these tests, the
transient oscillations observed in all of the blade
and mast bending moments never exceeded twice
the steady-state oscillatory moments observed for
corresponding operating conditions,

The oscillatory characteristics of the loads and
moments on a rotor being stopped are very similar
to those experienced by the rotor being started.

For the range of accelerations tested, acceleration
has no measurable effect on the aerodynamics of
the blade, and did not play a significant role in

the starting or stopping of the rotor,

CONCLUSIONS REACHED FOR THE STOPPED-ROTOR OPERATIONS

ll

2.

The trends and nominal values obtained during the
previous stopped-rotor tests employing these bhlades
(recorded in Reference 3) were generally verified.

The instabilities reported for the previous stopped-

rotor tests were not encountered in the present
stopped-rotor tests,
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RECOMMENDATIONS

The following recommendations are made to aid in the
continued development of stowable rotor vehicles.

l. Itis recommended that the large body of experi-
mental data gathered for the steady.state operation
of the rigid two-bladed rotor of these tests
be studied in more detail, In particular, the
pressure information obtained during these tests
should be more critically analyzed and utilized,

2. The pressure data collected during the starting and
stopping tests should be reduced and analyzed to
indicate more conclusively whether the starting/
stopping sequences are as similar as they appear
to be.

3. Further attempts should be made to correlate
the experimental data obtained with existing theory,

4, Additional tests should be conducted at high advance
ratios and during starting/stopping sequences on a
rigid two-bladed rotor system at much higher rotor
speeds than those used in the current tests,

5. Tests should be conducted at high advance ratios
and during starting/stopping sequences on a
series of rotors for which variations are allowed
of the number of blades, the blade fixity,and the
hub configuration,
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Table T. PRESSURE TRANSDUCER LOCATIONS AND RANGES

% SPAN
%, CHORD 40 55 75 85 90 95

2 +15 psi [ #15 psi | +15 psi | #15 psi | +15 psi
) +8 psi +15 psi

9 +15 psi +15 psi +15 psi | +15 psi
13 +15 psi

17 +8 psi 48 psi +15 psi | +15 psi | +15 psi
23 +8 psi +8 psi | +15 psi | 415 psi | #15 psi
34 4 psi

47.7 4 psi
63 +2 psi +2 psi 12 psi 4 psi

77 +2 psi

88 +l psi

90 +1 psi +2 psi +2 psi +2 psi
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Table TI. TEST CONFIGURATIONS WITH NOMINAL VALUES INDICATED
BLADE COSINE | SINE | TiP
case numser [ §OTOR VELOCTTY | ARGLE cobbetive | crevre | cveore | a6 FIOERE
(RUN-POINT) | (rpn) (fps) | (deg) (deg) (deg) | (deg) (p)  |VOLUMEIT
2,16 70 80 0 7.5 0 0 0.50 8
2.19 ‘ l 10.5 l ‘ 9
2,20 ‘ 5.0 10
4,1 70 100 0 7.5 0 0 0.62 "
4.3 l l l 10.0 ‘ i ¢ 12
4.6 5.0 13
7.1 4 120 0 7.5 0 0 13.03 1y
7.2 9.0 15
7.3 10.0 16
7.4 1.0 17
7.5 6.0 18
7.6 5.0 19
LT 7.5 0 +2.0 20
7.8 +3.0 21
7.9 +4,0 22
7.10 -2.0 23
7.1 -4.0 24
7.13 -6.0 25
7.14 7.5 42,0 0 26
7.15 +4,0 27
7.16 l -2.0 l 28
7.17 v -4.0 29
7.18 +1.9 7.5 0 0 ! 30
7.19 +3.9 l ' 31
7.20 -2.0 l l l l 32
7.21 ] -4.0 33
8.2y 20 120 0 7.5 0 0 2.60 3
8.25 7.5 +1.0 | 35
8.26 7.5 +2.0 ! 36
8.27 7.5 -1.0 37
8.28 7.5 -2.0 | 38
8.29 7.5 0 +1.0 ! 39
8.30 \J v 7.5 0 -1.0 v 40
5,29 70 120 0 7.5 0 +1.5 0.74 4l
5,30 -0.5 42
5.3 ' l -1.0 ’ 43
5,32 | -1.5 , m
5 33 1.0 0 l 45
2.34 +2.0 | | 46
5,25 +3.0 47
5.36 ‘ | | -1.0 | u8
5.37 l ‘ ‘ -2.0 | 49
5,38 ' -3.0 ' ' 50




VOLUME II
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Table III. ROTOR START/STOP TEST CONFiGURATIONS
(NOMINAL VALUES)
NGMBER SPEeb | viLOCITY | ANaLt coz"::":{{ e z":é‘:‘;:{ CB:%‘:"TEC PRESSURE
(RUN-POINT) | (rpm) (fes) | (deg) (deg) (deg) | (deg) (psi)
8.34 0—70 | 120 0 7.5 0 0 150
8.35 | 70— 0 ' 200
8.36 0—70 | 140 150
8.37 | 70— 0 150
8.38 | 70—0 200
8.39 |70—0 v ' | v 225
8.43 | 70—0 120 +1,0 7.5 0 -1.0 200
10,32 | 70—0 | 160 0 7.0 0 0 225

34




Table I¥. STOPPED-ROTOR TEST CONFIGURATIONS
(NOMINAL VALUES)
= ToneL | AZIMUTHAL | uaer | BLADE | cosiNe | sine
NUMBER | SPEED | op FAS'TOM o | ANGLE | oo RROT, e | 8IS | SHA0%
(RUN-POINT) | (fps) (deg) (deg) | [deg) (deg) | (deg)
9. 158 30 0 7.5 0 0
9.2 +1.,0
9.3 +2.0
9.4 +3.0
9.5 +4.,0
9.6 +5.0
9.7 158 90 0 7.5 0 0
9.8 +1.0
9.9 4 ‘ ‘ ‘ J -1.0
101 158 90 0 7.5 0 0
10.2 +1.0
10.3 42,0
10.4 43,0
10.5 l l L L 4.0
10.6 v -1.0
10.7 158 120 0 7.5 0 0
10.8 +1.0
10.9 +1.5
10,10 +2.0
10,11 42,5
10,12 ‘ 43,0
10.13 ] v ¢ ] -3.0
10. 14 158 255 0 7.5 0 0
10.15 +1.0
10.16 +2.0
10,17 +3.0
10.18 +4,0
10.19 +5.0
10.20 +6.0
10.21 i +7.0
10,22 42,0 | +7.0
10.23 0 +8.0
e | v |y ' RN ENEL
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Table ¥. STATIC PRESSURE CALIBRATION RESULTS

PSI/INCH TRACE DEFLECTION
(AMPLIFIER ATTENUATION : 1)

% SPAN
% CHORD
40% 55% 75% 85% 90% 95%
2% 0.67878 0.69575 0.41477 0.47282 0. 40504
47 0.51347 0.55820
9% 0.65931 0.43624 0. 46955 0.54078
13% 0.55789
179 0.92993 0.42771 0.69623 0.35215 0.79868
23% 0.36109 0.52429 0.54764 0.36311 0. 35632
349 0.58477
}
47.7% 0.18546
63% 0.087238 0.11951 0.14164 0.18766 ‘\\\\\\\\\\J
< ]
77% ~
=R {
88% 0.12537
90% 0.26419 0.24454 0.11133
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Table YI. BLADE MOMENT CALIBRAT<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>